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Dynamic Polarization of the Microtubule
Cytoskeleton during CTL-Mediated Killing
as the T cell receptor (TCR), Lck, and CD2, whose inter-
actions with the antigen-presenting cell require close
association of the two membranes (Davis and van der
Jeffrey R. Kuhn2 and Martin Poenie1
Division of Molecular Cell and Developmental Biology
141 Patterson Labs
Merwe, 1996). Congregation of signaling molecules intoUniversity of Texas at Austin
the cSMAC coincides with their concentration into lipidAustin, Texas 78712
rafts and is required for proper signal transduction
(Janes et al., 1999; Millan et al., 2001; Tuosto et al., 2001;
Xavier et al., 1998). The formation of the pSMAC hasSummary
been explained in terms of exclusion of surface proteins
with large ectodomains from the cSMAC (Monks et al.,Efficient unidirectional killing by cytotoxic T lympho-
1998; van der Merwe et al., 2000).cytes (CTL) requires translocation of the microtubule
The physical separation of Lck from CD45 during im-organizing center (MTOC) to the target cell contact
munological synapse formation may be a critical stepsite. Here we utilize modulated polarization micros-
in CTL activation. Lck contains two tyrosine phosphory-copy and computerized 3D reconstruction of tubulin
lation sites, one that is activating and the other inhibitory.and LFA-1 immunofluoresence images to investigate
CD45 removes phosphates from both positions, creat-how this is accomplished. The results show that the
ing a state where Lck is neither activated nor inhibited.MTOC is drawn vectorially to the contact site by a
Partitioning of Lck into the cSMAC facilitates its crossmicrotubule sliding mechanism. Once the MTOC ar-
phosphorylation and prevents deactivation by CD45.rives at the contact site, it oscillates laterally. Microtu-
Once active, Lck phosphorylates immunoreceptor tyro-bules loop through and anchor to a ring-shaped zone
sine-based activation motifs (ITAMs) on the TCR, which(pSMAC) defined by the dense clustering of LFA-1 at
in turn recruits ZAP-70 (Kane et al., 2000). ZAP-70 thenthe target contact site. Microtubules that run straight
phosphorylates SLP-76, which binds both VAV and NCK,between the MTOC and pSMAC and then turn sharply
and these act through CDC-42 and Rho to regulatemay indicate the action of a microtubule motor such
changes in the actin cytoskeleton at the target contactas dynein.
site (Acuto and Cantrell, 2000; Salojin et al., 2000).
While there has been great progress in understanding
Introduction how the T cell actin cytoskeleton is regulated, relatively
little is known about regulation of MTOC polarization.
Cytotoxic T lymphocytes (CTL) are thought to kill their Several studies show that anti-TCR-coated beads end
cognate target cells primarily through the localized se- up near the MTOC when incubated with T cells (Lowin-
cretion of granules containing perforin and granzymes Kropf et al., 1998; Rubbi and Rickwood, 1996; Sedwick
(Lowin et al., 1995; Mullbacher et al., 1999). This is ac- et al., 1999). These results are taken as evidence that
complished in several steps that include elaboration of only TCR ligation is necessary for MTOC polarization.
a specialized target contact site referred to as an immu- Lowin-Kropf et al. (1998) further showed that phosphory-
nological synapse, translocation of the microtubule or- lation of ITAMs by Lck and activation of ZAP-70 was
ganizing center (MTOC) to a position close to the target required for bead polarization. Removal of extracellular
contact site, gathering of cytolytic granules near the calcium blocks MTOC polarization, but it is not clear
contact site, and secretion of granule contents (Grakoui what critical processes are affected (Kupfer et al., 1985;
et al., 1999; Griffiths, 1997; Haddad et al., 2001; Kupfer Lowin-Kropf et al., 1998). There are also reports that
and Dennert, 1984; Stinchcombe et al., 2001). As such, CDC42 and PI-3 kinase are involved, but the data here
MTOC polarization provides a mechanism for concen- are conflicting (Lowin-Kropf et al., 1998; Stowers et al.,
trating secretory vesicles on a particular target (Kupfer 1995). Thus, at present, there is no clearly defined signal-
et al., 1985), with the consequent enhancement of spe- ing pathway leading to MTOC polarization.
cific killing and reduction of nonspecific killing. Although small inroads have been made in under-
CTL polarization involves elements of both the actin standing the signaling steps leading to MTOC polariza-
and microtubule cytoskeletons. At present, the best un- tion, virtually nothing is known concerning the mechan-
derstood aspects of this process are the formation of ics of this process, mainly because of the difficulty in
the immunological synapse and signaling to the actin visualizing the cytoskeleton in living T cells. Recently, we
cytoskeleton. The immunological synapse forms due to described the use of modulated polarization microscopy
segregation of cell surface proteins into two supramo- (MPM) for visualizing microtubules and the MTOC in
lecular activation clusters (SMACs), a central zone and living CTLs (Kuhn et al., 2001). This instrument has made
it possible to follow the events of MTOC polarizationperipheral ring referred to as the cSMAC and pSMAC,
and subsequent killing of target cells. Here, we utilizerespectively (Monks et al., 1998). The cSMAC contains
MPM studies of living CTLs and computerized 3D recon-surface molecules with short extracellular domains such
structions of cells immunostained for tubulin and LFA-1
to show how polarization of the MTOC is accomplished.1Correspondence: poenie@mail.utexas.edu
The results show that the MTOC moves vectorially to2 Present address: KBT-540, Department of Molecular, Cellular &
the target contact and then oscillates laterally along theDevelopmental Biology, Yale University, P.O. Box 208103, New Ha-
ven, Connecticut 06520. target contact zone. MTOC movement correlates with
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development of tension in microtubules connecting the
MTOC to the cortex at or near the target contact site.
Three-dimensional images of microtubules in CTL tar-
get pairs show that microtubules extend as a hollow
cone from the MTOC to the cortex, leaving a central
zone devoid of cortically attached microtubules. Corre-
sponding images of LFA-1 (CD18) show that it typically
forms a ring at the target contact site similar to the
pSMAC seen in the immunological synapse of other
T cells. Examination of many CTL-target pairs showed
that the polarized MTOC is always within the confines
of this ring. Some microtubules exhibited sharp hooks
or bends where they made contact with the pSMAC,
which could suggest the activity of a microtubule motor.
Overall, these results point to two major findings: (1) the
organization of microtubules at the contact site shows
spatial features similar to that of the immunological syn-
apse and in particular to sites where LFA-1 is clustered;
and (2) the pattern of MTOC movement suggests that
minus end-directed motors are anchored in the cortex
within the pSMAC zone and act along the sides of micro-
tubules to generate sliding forces that pull the MTOC
toward the cortex.
Figure 1. Behavior of Peripheral Microtubules in Unbound CTLs
(a–d) Four successive MPM images of a cytotoxic T lymphocyteResults
that was not in contact with a target cell show various microtubule
dynamics within the cell periphery. In these images, four differentMicrotubule Dynamics in the Absence of Target Cells
microtubules have been highlighted (white and black arrows, arrow-
An example MPM sequence of a BM3.3 cell in the ab- heads, triangles). The microtubule indicated by the arrowhead in
sence of targets is shown in Figure 1 (see Supplemental (a–c) grew and buckled as it hit the edge of the cell. The microtubule
Movie S1 at http://www.immunity.com/cgi/content/full/ indicated by the black arrow in (a) could not be detected in subse-
quent panels. The white arrow in (b) points to a microtubule that16/1/111/DC1). Microtubules in unbound CTLs showed a
grew between (b) and (c). The microtubule indicated by the trianglecomplex range of movements that included growing
remained long and straight, but moved laterally from its starting(white arrows) and shrinking (black arrows), wave-like
position (point 1 in [b]) toward the lower right of the cell (points 2
motions (i.e., a tendency to bend or curl inward when in [c] and 3 in [d]). Scale bar in (a) is 5 m wide. Elapsed time in
the microtubule plus end reached the cell cortex [arrow- seconds is shown in each panel. See also Supplemental Movie S1
heads]), and an ability to slide laterally along the cortex at http://www.immunity.com/cgi/content/full/16/1/111/DC1.
(successive points labeled 1, 2, and 3). This is in contrast
to the behavior seen commonly in the presence of tar-
gets where microtubules were clearly anchored to the and target contact site were tracked as described in
target site (see below). Experimental Procedures. The path taken by the MTOC
in Figures 2a–2f is plotted in Figure 2g. Similar analyses
of MTOC translocation in other CTL-target conjugatesVectorial Translocation
showed that the MTOC followed a straight path directlyTwo routes of MTOC polarization toward targets cells
to the contact site in 10 out of 11 cases (data not shown).were observed in real-time studies using MPM. When
Rates of MTOC translocation were also derived froma CTL was in contact with a large, firmly attached target
plots such as that shown in Figure 2h. For this cell, thecell, its MTOC showed a dramatic translocation to the
MTOC moved at a rate of approximately 2.9 m/min,site of target contact. This can be seen in MPM re-
although its speed was somewhat variable. For all 11cordings of BM3.3 CTLs interacting with EL4.BU target
cases, the average speed was 3.55  1.07 m/min. Outcells (Figures 2a–2f; see Supplemental Movie S2 at
of a total of 44 recordings selected for this study, 11http://www.immunity.com/cgi/content/full/16/1/111/
cases of MTOC polarization were observed. Of the re-DC1). Here, the MTOC moved from one side of the cell
maining examples, there were some cases where theto the other, dragging the nucleus along with it. As move-
MTOC was already adjacent to the contact site at thement proceeded, microtubules were largely swept back-
beginning of the sequence (n  27) and others whereward, eventually taking on appearances similar to those
the MTOC never moved (n  6).seen in immunofluorescence images (see Figures 6 and
7). In contrast, when CTLs were presented with small,
loosely adhered target cells (splenocytes) or anti-TCR- Microtubule Sliding and MTOC Movement
In some MPM sequences, microtubules could be seencoated beads, these were carried over the surface of
the CTL to a site near the MTOC (data not shown). Since spanning the distance from the MTOC to either the con-
tact site or a point nearby on the cell cortex. Analysisthese surface movements do not involve translocation
of the MTOC, we only used firmly anchored target cells of these microtubules showed two important features:
microtubule interactions with the cortex were not limitedfor this study.
To follow the path of motion, positions of the MTOC to the tips of microtubules, and straightening of microtu-
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Figure 2. Vectorial MTOC Movements
(a–f) MPM images of a cytotoxic T lymphocyte (C) bound to a target cell (T) show that the MTOC (arrowhead) was originally on the opposite
side of the T cell nucleus (N) from the target contact site (see [a]). As the sequence progressed, the MTOC translocated to the target contact
site, distorting the nucleus as it moved. (g) The MTOC path is plotted together with starting (light lines) and ending (bold lines) outlines of the
T cell and its target. (h) A plot of the mean distance  SEM between the MTOC and the center of the target contact site versus time. Scale
bar in (a) is 5 m wide. Elapsed time is shown in seconds. See also Supplemental Movie S2 at http://www.immunity.com/cgi/content/full/16/
1/111/DC1.
bules preceded a change in the direction of MTOC tubule was slack. However, once the microtubule
straightened in Figure 3b, the MTOC motion vector im-movement.
An unusual but informative example of this phenome- mediately rotated toward the new connection point. Al-
though analysis of MTOC motion (Figure 3d) showednon is illustrated in Figure 3 (see Supplemental Movie
S3 at http://www.immunity.com/cgi/content/full/16/1/ that the MTOC did not travel strictly toward either point
1 or point 2, other microtubules could be seen linking111/DC1). Here, a slack microtubule (white arrowhead
in Figure 3a) connected the MTOC (vector origins, see the MTOC directly to the contact site as it moved (black
arrowheads in Figures 3b and 3c).below) to a point on the cortex 6.9 m from the MTOC
(point 1). In a frame 3.4 s later (Figure 3b), the microtu-
bule showed a connection to the cortex (point 2) that
was 1.5 m closer to the MTOC and farther away from Oscillation of the MTOC at the Target Contact Site
Once the MTOC reached the target, it seldom remainedthe contact site. The microtubule linking the MTOC and
point 2 immediately straightened as if under tension, stationary. Usually (n  11), the MTOC rocked dramati-
cally back and forth along the contact site after polariza-and the MTOC then moved toward point 2 on the cortex.
Analysis of MTOC movements during translocation tion. An example of this rocking motion is shown in
Figure 4 (see Supplemental Movie S4 at http://www.shows that it is due to the vector sum of tension on
multiple microtubules. This is illustrated in Figure 3, immunity.com/cgi/content/full/16/1/111/DC1). For the
purpose of path analysis, rocking motions were distin-where two vectors were drawn at each point along the
MTOC path (see Supplemental Movie S3 at http:// guished from simple MTOC translocation by splitting
the distance between the MTOC and the target contactwww.immunity.com/cgi/content/full/16/1/111/DC1).
The black arrows in Figures 3a–3c represent the average site into two orthogonal components (inset in Figure 4b).
The “vertical” distance was measured as the shortestvector for MTOC movement over the previous five
frames, and the white arrows represent the average vec- perpendicular distance from the MTOC to the line of
target contact and represents the overall distance be-tor for MTOC movement over the subsequent five
frames. Both vectors are collinear in Figure 3a, signifying tween the MTOC and the target contact site. The “hori-
zontal” distance was measured from this perpendicularthat the MTOC direction did not change while this micro-
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Figure 3. Cortical Microtubule Attachment, Tensioning, and MTOC Motion
(a–c) Three MPM images of a CTL (C) bound to a target cell (T) show microtubules connecting the MTOC to the cell cortex. Two vectors have
been drawn from the MTOC center in each frame to indicate either the average MTOC travel direction over the previous 5.7 s (black vector)
or the average direction the MTOC would travel over the next 5.7 s (white vector). (a) The first image shows a microtubule (white arrowhead)
that connected the MTOC to the cell cortex at point 1, near the target contact site. (b) As the sequence progressed, the microtubule (white
arrowhead) shortened and straightened from a point (2) on the cortex, while at the same time, the MTOC changed direction (white vector).
Other microtubules could be seen spanning from the MTOC to the target contact site (black arrowheads in [b] and [c]). (c) The final image
shows the MTOC adjacent to the contact site. (d) The MTOC path is shown in relation to the starting (light) and ending (bold) outlines of the
CTL and target cell. After 220 s, the MTOC moved away from the target. (e) A plot of the mean distance ( SEM) between the MTOC and the
center of the target contact site over time. Scale bar in (a) is 5 m. Elapsed time in shown in seconds. See also Supplemental Movie S3 at
http://www.immunity.com/cgi/content/full/16/1/111/DC1.
to the contact site center and represents the MTOC T1T2. The horizontal distance (H) between C and the
intersection of this perpendicular with T1T2 measuredposition along the contact site.
As shown in Figure 4c, the MTOC-target-contact dis- the position of the MTOC with respect to both targets.
Measurements of H and V showed that as the MTOCtance oscillated in both the vertical and horizontal direc-
tions. The amplitude of this oscillation was greater in moved between the two targets, there was very little
deviation from the line T1T2 (0.7 m), even though thethe horizontal direction than the vertical (i.e., most of
the oscillation was parallel with the target contact, rather MTOC moved as much as 8.1 m between target con-
tact sites (Figure 5d). Remarkably, the MTOC cycledthan toward or away from it). The oscillations measured
for this cell spanned 2.1 m, while the average rocking back and forth repeatedly between the two targets,
sometimes reversing direction midway. The fact that thedistance was 2.02  0.41 m (n  4 measured). Thus,
the MTOC position within the target contact zone could MTOC moved in a straight line between the two targets
while cycling back and forth between them suggestsvary while the MTOC remained bound to the contact
site. that the MTOC retained its connection to both contact
sites while moving.
Oscillation of the MTOC between Two Target Cells
In two cases, MTOC movements were observed in CTLs Analysis of Microtubule Structure in Fixed
CTL-Target Conjugatesthat were bound to two antigenic targets simultane-
ously. In both cases, the MTOC exhibited giant oscilla- Information from real-time MPM studies of living CTLs
provides some constraints and predictions concerningtions as it moved from one contact site to the other. An
example of this movement is shown in Figure 5 (see the mechanism of MTOC translocation. To clarify these
issues, we examined the three-dimensional relationshipSupplemental Movie S5 at http://www.immunity.com/
cgi/content/full/16/1/111/DC1), where the MTOC moved of the microtubules to the target contact site using fixed
CTL-target pairs that were immunostained for tubulinback and forth between target contact site 1 (Figure 5a)
and target contact site 2 (Figure 5b). (Figure 6) or for both tubulin and the CD18 subunit of
LFA-1 (Figure 7). Three-dimensional immunofluorescenceAnalysis of the MTOC path shows that the MTOC
moved in a straight line between the two target contact images were assembled by capturing 256 successive
focal planes spaced 67 nm apart and then processingsites (Figure 5c). To analyze the motion, an imaginary
line, T1T2, was drawn between the two contact sites, the image stacks using the expectation maximization
iterative deconvolution algorithm in XCOSM. The pro-with point C halfway in-between (inset in Figure 5c). A
perpendicular from the MTOC to the line T1T2 was used cessed 3D image stacks were then rendered for volu-
metric display and projected into stereo 3D images.to measure the vertical distance (V) from the MTOC to
Cytoskeletal Polarization in CTL-Mediated Killing
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Figure 4. MTOC Oscillations
(a) MPM image showing a polarized MTOC (arrowhead) in a CTL (C)
bound to a target cell (T). (b) The MTOC path is shown in relation
to the target contact site. The inset shows how the rocking motion
was measured. The vertical distance (V) from the MTOC to the target
contact site was measured as the length of a perpendicular (line MP)
drawn from the MTOC to the line of target contact. The horizontal
distance (H) was measured from the intersection of this perpendicu-
lar to the contact site center (line PC). (c) The mean vertical and
horizontal distances ( SEM) described in (b) were plotted versus
time. Scale bar in (a) is 5 m wide. Frame time is given in seconds.
See also Supplemental Movie S4 at http://www.immunity.com/cgi/
Figure 5. MTOC Oscillations between Two Target Cellscontent/full/16/1/111/DC1.
(a–b) MPM images of a CTL (C) bound to two target cells (T1 and
T2) show that the MTOC (arrowhead) moved back and forth between
the two contact sites. (c) The MTOC path is shown in relation to the
Figure 6a shows a CTL-target pair where the MTOC target contact sites. The inset shows how MTOC movement be-
had not yet moved to the target contact site. A few short tween the two targets was measured. An imaginary line (line T1T2)
was drawn between the two contact site centers. The vertical dis-but curved microtubules (arrows) were seen spanning
tance (V) from the MTOC to the line T1T2 was measured as thethe distance between the MTOC and the central zone
length of a perpendicular (line MP) drawn from the MTOC to T1T2.of the target contact site. The majority of these microtu-
The horizontal distance (H) is the distance between the point where
bules bent outward, away from the contact site. In cases MP intersects T1T2, and point C, midway between the two target
where the MTOC had polarized, most of the microtu- contact sites. (d) The mean vertical and horizontal distances (SEM)
bules were long and extended out laterally from the described in (c) were plotted versus time. The average distances to
each target site center (T1 and T2) are shown for reference. ScaleMTOC toward the edges of the target contact site, leav-
bar in (a) is 5 m wide. Elapsed time is given in seconds. See alsoing a central zone devoid of microtubules (Figure 6b).
Supplemental Movie S5 at http://www.immunity.com/cgi/content/Images such as those in Figures 6b and 6c consis-
full/16/1/111/DC1.
tently showed a conical region extending out from the
MTOC to the contact site that was devoid of microtu-
bules. The diameter of this zone was measured by su- crotubules make contact with the cortex, many of them
show sharp bends having the appearance of “knuckles”perimposing a series of concentric rings (diameters 
2, 4, and 6 m) over the contact site with the center (white arrows). These bending points in these microtu-
bules formed a roughly circular ring about 4 m in diam-over the MTOC (Figure 6c). In this example, the microtu-
bule-free zone was about 3 m in diameter. Where mi- eter at the contact site.
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Figure 6. Microtubule Structures in CTL-Tar-
get Conjugates
This figure shows 3D reconstructions derived
from fluorescence images of CTL-target pairs
immunostained for tubulin. To convey the 3D
information, images are presented as paral-
lel-view stereo pairs. (a) In a CTL where the
MTOC (arrowhead) had not moved to the tar-
get cell (T), some short, slightly curved micro-
tubules (arrows) could be seen spanning from
the MTOC to the target contact site, while
the majority of microtubules curved gently to
follow curvature of the CTL cortex. (b) In a
later stage of MTOC translocation, no short
microtubules could be seen between the
MTOC (arrowhead) and the target cell (T). This
side view shows that the MTOC was indented
slightly inward with respect to the plane of
target contact. (c) An enlarged (2.75) view
of the target contact site, facing the MTOC
from the vantage point of the target cell. To
analyze the arrangement of microtubules at
the target contact site, three concentric rings
of diameters 2, 4, and 6 m were used to
mark the distance from the center of the tar-
get contact zone. Microtubules extended
outward from the MTOC (arrowhead) toward
the edges of the target contact zone, where
many of them bent sharply away from it (white
arrows). A microtubule bundle (black arrow)
could also be seen crossing over the MTOC
before bending away from the target contact
zone. Scale bars in each image are 5m wide.
See also Supplemental Figures S6a and S6b
at http://www.immunity.com/cgi/content/
full/16/1/111/DC1.
The array of microtubules shown in Figure 6c seemed To examine the relationship between the MTOC, mi-
crotubules, and the LFA-1 ring at the target contact site,to exhibit a spatial arrangement similar to that of the
immunological synapse. If so, then the microtubule con- stereo pairs were generated to look at the face of the
target contact site from the vantage point of the targettact points seen in Figure 6 should coincide with the
outer ring of the immunological synapse or pSMAC. To cell. An example is shown in Figure 7e, where LFA-1
staining is in the foreground and microtubules are in theexamine this relationship more closely, CTL-target pairs
were immunostained for both tubulin and LFA-1 (CD18), background. In this case, the MTOC is located more or
less in the center of the LFA-1 ring. The arrows showwith LFA-1 serving as a marker for the pSMAC (Figure
7). An example of a tubulin immunofluorescence image microtubules that are in contact with or embedded in
the region of LFA-1 staining. One can see that theseis shown in 7a, and the corresponding LFA-1 image
is shown is shown in Figure 7b. The two images are microtubules tend to lie flat as they pass through the
zone of LFA-1 staining and then veer off quickly as theycombined as a red (LFA-1) and green (tubulin) pseu-
docolor image and shown from two different views in pass outside that zone.
MPM data showed that the MTOC tended to oscillateFigures 7c and 7d.
The results shown in Figures 7a–7d reveal several back and forth at the target contact site. The length of
travel for these oscillations varied but was consistentimportant features about the arrangement of microtu-
bules and LFA-1 at the target contact site. Firstly, LFA-1 with the inner diameter of the LFA-1 ring (average diame-
ter, 2.98  1.03 m; n  10 measured). If the MTOC canis concentrated in a circular ring at the target contact
site, with the remainder scattered over the surface or in oscillate at the contact site, then it should not always
be centered within the LFA-1 ring. This is illustrated invesicles inside the cell. Secondly, the MTOC is located
within the zone defined by the ring of LFA-1 staining. Figure 7f taken from a different CTL-target pair. Here
the MTOC is shifted over to the edge of the LFA-1 ring.This was true for all examples seen in this study where
the MTOC was polarized and where there was a well- From examining a number of cases (n  21), we found
that the polarized MTOC could be anywhere within thedefined LFA-1 ring. Thirdly, microtubules often appear
to run flat along regions of LFA-1 staining and then veer LFA-1 ring but was never seen outside of it.
Although many of the cells examined in this studyaway more or less sharply. An example of this is seen
in the microtubules designated by arrows in Figures 7c exhibited clear rings of LFA-1 staining, there were also
a number of examples where the LFA-1 staining wasand 7d.
Cytoskeletal Polarization in CTL-Mediated Killing
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Figure 7. Colocalization of LFA-1 and Microtubules in CTL-Target Conjugates
CTL-target pairs were fixed and immunostained for both tubulin and LFA-1 (CD18). The resulting image stacks were deconvolved and
subsequently reconstructed in 3D. For clarity, target cell microtubules were depolymerized with colchicine prior to incubation with CTLs. (a)
Computerized 3D reconstruction of a CTL-target pair immunostained for tubulin. Here, the MTOC (arrowhead) was already adjacent to the
target cell (T). (b) 3D reconstruction of the corresponding LFA-1 fluorescence data shows a ring of concentrated LFA-1 at the contact site.
(c) The two channels (a and b) have been combined as a pseudocolor image with LFA-1 in red and tubulin in green. The MTOC (arrowhead)
can be seen in the center of contact zone defined by the ring of LFA-1. (d) When shown from the side, some microtubules could be seen
bending backward at the contact site (arrows). (e–h) To convey the 3D information, subsequent images are presented as parallel-view stereo
pairs. (e) The CTL in (a)–(d) has been rotated to look directly at the target contact zone from the point of view of the target cell. The MTOC
(arrowhead) is approximately in the center of the LFA-1 ring, and several microtubules (arrows) can be seen running flat along the LFA-1 ring
or bending at it. (f) A similar LFA-1 ring could be seen in other CTL-target pairs. Here, the MTOC (arrowhead) is not at the center of the ring,
but nearer to one side, consistent with the rocking motions seen in Figure 4. (g–f) Some CTLs exhibited irregular patches of LFA-1 staining
instead of a well-defined ring. An example is shown in (g) where LFA-1 staining is restricted to two patches (large arrows) on opposite sides
of the target contact zone. Here, the MTOC (arrowhead) is not adjacent to the target cell (T), and the center of the target contact zone is
devoid of microtubules. Microtubules are clustered around these two patches of LFA-1. (h) The same cell as in (g) rotated to a different angle.
Two microtubules (black arrows) are marked in both (g) and (h) for orientation. Some microtubules (e.g., white arrow) are bent sharply upon
entering the LFA-1 ring. Scale bars in each image are 5 m wide. See also Supplemental Figures S7a –S7g at http://www.immunity.com/cgi/
content/full/16/1/111/DC1.
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clustered near the target contact site but did not form important details. The data show a ring-shaped pattern
of LFA-1 staining that is similar to the pSMAC structuresa regular ring. Among these irregular examples were
seen in CD4 helper T cells. (Monks et al., 1998) Althoughcases where LFA-1 was clustered in the form of semicir-
the organization of the immunological synapse in CTLscles, bands or irregular patches. These cases were infor-
has not been previously described, the ring-shaped pat-mative because there was always a clear correlation
tern of LFA-1 staining suggests that the organization ofbetween the density of microtubules at the target con-
SMACs in CTL synapses are similar to that previouslytact site and patches of dense LFA-1 staining. An exam-
described for T helper-like cells. In our data, the LFA-1ple of this can be seen in Figures 7g and 7h. In Figure 7g,
ring has an average inner diameter of 3 m, which, asone can see two main patches of dense LFA-1 staining
noted above, could provide for exactly the right amountdesignated by the wide arrows. A cluster of microtubules
of lateral oscillation seen in the MPM data. Furthermore,was associated with the larger LFA-1 patch, and two
a survey of many CTL-target pairs shows that the polar-microtubules were associated with the smaller patch.
ized MTOC can be anywhere within the inner boundaryRemarkably, the region between these patches of LFA-1
of the LFA-1 ring, but never outside of it. This indicatesis devoid of microtubules. When the cell is rotated (Fig-
that the LFA-1 ring represents a boundary to the lateralure 7h) so that the viewpoint is facing the target contact
oscillation of the MTOC. Finally, in cases where theresite from the vantage point of the target cell, one can
is a well-defined LFA-1 ring, microtubules project fromsee that some microtubules tend to turn and run flat
the MTOC to the contact site as a hollow cone. However,along the regions where they encounter patches of
when LFA-1 is clustered into patches rather than a well-LFA-1. Here, one microtubule, designed by the arrow,
defined ring, microtubules are also clustered, with mostextends straight from the MTOC to the patch of LFA-1
of the microtubules projecting to these dense patchesand then turns 90 to run flat along the cortex.
of LFA-1. Taken together, these data present a strong
case for binding of microtubules at the pSMAC.Discussion
The three-dimensional immunoflourescence data also
revealed important structural details about microtubuleIn this study we looked at polarization of the MTOC
behavior at the contact site. We noted that MPM obser-during CTL-mediated killing from two vantage points:
vations revealed that microtubules became swept back-with modulated polarization microscopy to study the
ward as the MTOC moved to the contact site. Someprocess in living cells and with computerized 3D recon-
microtubules bend smoothly as they follow the curvaturestructions to examine the process in immunostained
of the cell, whereas others formed sharp bends or evenpreparations. The real-time MPM data in this study pro-
hairpin turns within the zone defined by the LFA-1 ring.vide two important insights into the mechanism of CTL
We can suggest two possible mechanisms to accountpolarization and killing. First, oscillations of the MTOC
for these bends. The first possibility would arise frombetween two target cells showed that the process is
the natural tendency of bending stresses to focus atmore stochastic and less orderly than previous data
microtubule attachment sites. Alternatively, microtubuleimplied. Earlier studies showed that when a CTL was
bends could be specifically generated by microtubule
bound to two target cells, the targets were lysed sequen-
motors anchored in the pSMAC. Either scenario would
tially. (Perelson and Bell, 1982) Combined with the ob-
support the hypothesis that microtubules are anchored
servation that the MTOC is generally seen polarized
at the pSMAC.
to one target cell or another, these studies gave the Our hypothesis, that microtubules anchor in the
impression that entire process is sequential and orderly. pSMAC, raises questions in light of other studies that
In contrast, we found that target lysis takes place se- show that ligation of the TCR is all that is required for
quentially even though the MTOC oscillates between MTOC polarization. A number of studies have shown
the two target cells during the killing process. that anti-TCR-coated beads are positioned next to the
Second, real-time data provide evidence that polar- MTOC (Lowin-Kropf et al., 1998; Rubbi and Rickwood,
ization of the MTOC takes place by the anchoring of 1996; Sedwick et al., 1999). Furthermore, Sedwick et al.
microtubules to a ring shaped structure surrounding the (1999) showed that the MTOC becomes polarized in
center of the target contact site. Giant oscillations seen response to APCs that lack ICAM-1, the normal ligand
between two targets show that the MTOC is forcibly for LFA-1. They also carried out experiments where anti-
driven from one contact site to the other. This linear TCR-coated beads were added to a mixture of T cells
motion requires fixed microtubule anchor points at each and targets that express ICAM-1 but do not display
target site. There is no reason to believe that the mecha- antigen. When a bead was bound on one side of the
nism is different for MTOC oscillations along a single cell and a target on the other side, the MTOC was near
target contact site. Thus, we expect that these lateral the bead not the target cell. Admittedly, these results
oscillations would be driven from fixed microtubule an- seem hard to reconcile with our data.
chors on opposite sides of a single contact site. Given To understand how we might reconcile these dispa-
the 2 m oscillation of the MTOC center observed with rate findings, we first note that signals from the TCR
MPM and a centrosome diameter of approximately 1m are required for MTOC polarization and these signals
(measured from the fluorescence images), microtubule organize a large complex of associated proteins. Some
attachment sites would need to be at least 3 m apart. of these signals act on LFA-1, resulting in changes in
This is exactly the diameter of the inner margin of the its clustering and its association with lipid rafts. (Griffiths
LFA-1 ring seen in the immunofluorescence data. et al., 2001; Janes et al., 1999; Krauss and Altevogt,
The immunofluorescence data show a picture that 1999; Peterson et al., 2001) We then hypothesize that it
is a complex induced by the TCR, rather than the TCRis remarkably consistent with the MPM data and add
Cytoskeletal Polarization in CTL-Mediated Killing
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Grove, PA). Cell Tracker Green (C-2102) was obtained from Molecu-itself, which ultimately links to microtubules, and, by
lar Probes (Eugene, OR).default, this complex is drawn to the MTOC. When this
complex is anchored to a target cell, whether through
Cell Lines and CultureLFA-1/ICAM interactions or other molecular interac-
The cloned cytotoxic T lymphocyte line, BM3.3, was a gift fromtions, the same forces that drew the complex to the
Dr. Anne-Marie Schmidt-Verhulst (Centre de Immunologie, CNRS-
MTOC now draw the MTOC to the target cell. In this INSERM, Marseille, France). This line is derived from CBA/J mouse
view, both components of both the pSMAC and cSMAC and is allospecific for the H-2Kb MHC haplotype. Cells were main-
tained in RPMI/1640 supplemented with 1 mM pyruvate, 1 mM gluta-would constitute part of this signaling complex that is
mine, 50 M -mercaptoethanol, 24 mM NaHCO3, 10% heat-inacti-formed by signaling through the TCR. Seen in this way,
vated fetal bovine serum, 10% IL-2 supernatant, 1 IU penicillin, andthe results obtained using anti-TCR-coated beads
1 g/ml streptomycin. The IL-2 supernatant was prepared from thewould not be contradictory to our results. Instead, they
EL4.C16 lymphoma cell line as described by Farrar et al. (1980).
would indicate that the organization of this complex is CTLs were maintained in a 37C, 5% CO2 incubator and stimulated
signal driven. weekly with -irradiated spleen cells from C57BL/6 mice. (Smith
and Rich, 1985)Much of our discussion has focused on LFA-1 cluster-
The EL4.BU cell line (H-2Kb MHC haplotype) was used as aning sites as points where microtubules are anchored. It
antigenic target cell line, while the RDM4 cell line, having the wrongis important to note that we have not shown that LFA-1
haplotype (H-2Kk), was used as a control. Both target cell lines were(or more specifically CD18) itself forms connections to
maintained in the same media used for BM3.3, but without IL-2.
microtubules. We would not expect LFA-1 to bind di-
rectly to microtubules, because there must be some
Fluorescence Microscopy
type of intervening linkage that includes motor proteins. Cell Preparation
Even so, LFA-1 is better known for its connections to Coverslips were cleaned by soaking 1 hr in ethanolic KOH (prepared
by diluting saturated KOH to 10% v/v in ethanol) and rinsing twicethe actin cytoskeleton than to microtubules. However,
in dH2O. While still wet, coverslips were coated with a drop of 1there are reports showing that MacMarcks can bind to
mg/ml poly-L-lysine dissolved in 1 M KCl, rinsed twice in dH2O, andboth LFA-1 and to dynamitin, a component of the dyn-
air dried. To distinguish CTLs from their target cells, microtubulesein-dynactin complex (Jin et al., 2001; Yue et al., 1999).
in the EL4.BU targets were depolymerized prior to use by incubating
There are also a number of molecules that form lateral 2 ml of cell suspension for 1 hr at room temperature in RPMI con-
associations with LFA-1, and these could be potential taining 1% FBS and 10 M colchicine. Targets were washed twice
in RPMI and resuspended in RPMI. BM3.3 CTLs were washed once,candidates also (Woods and Couchman, 2000). At pres-
resuspended in RPMI, and mixed with targets to give a final CTL:tar-ent, we can only regard the LFA-1 as a marker for a
get ratio of 2:1. The mixture was allowed to settle on coverslips forSMAC and suggest that microtubules link to either LFA-1
20–30 min prior to fixation.or to molecules that cocluster in the pSMAC along with
Fixation
LFA-1 when CTLs engage antigenic targets. Cells were fixed for 30 min in phosphate-buffered saline (PBS; 3.82
In summary, our results implicate the pSMAC as the mM KCl, 1.18 mM KH2PO4, 139 mM NaCl, 3.15 mM Na2HPO4, 1 mM
MgSO4 [pH 7.0]) containing 2% formaldehyde, 0.2% glutaraldehyde,site where microtubules anchor to the cortex and as the
and 5 mM glucose. Fixed cells were washed once in PBS followedsite where motors act to generate tension on microtu-
by 1% Triton X-100 in ice-cold PBS for 15 min to permeabilize cellbules. Our data do not support the idea that microtu-
membranes. After three brief washes in PBS, samples were reducedbules project directly to the cSMAC. Although we have
by three successive 10 min treatments with a freshly prepared 2
not identified the specific molecules that are involved mg/ml sodium borohydride solution. Cells were then washed three
in connecting microtubules to the cortex, LFA-1 is an times in PBS containing 0.1% Triton X-100 (5 min each) with gentle
shaking followed by three brief washes in PBS. Samples wereinteresting candidate, and it at least serves as a good
blocked with a solution of 5% goat serum and 0.1% Tween-20 inmarker for where these molecules will be found. It is even
PBS for 1 hr and then washed three times with PBS. For primaryconceivable that microtubules are part of the reason that
antibody staining, samples were incubated for 1 hr with 100 l ofthe pSMAC takes the form of a ring. If our model is
a solution containing 20 g/ml mouse anti-tubulin Ig, 0.1% Tween-
correct, it would emphasize the important relationship 20, and 5% FBS in PBS. In some cases, the primary antibody solution
between signals from the TCR and the organization of also included 33 g/ml FITC-conjugated rat anti-CD18 (LFA-1) Ig.
After the primary antibody incubation, cells were washed six timesSMACs, and it should prompt a fresh new look at the
in PBS (5 min each) with gentle shaking and incubated for 1 hr inrelationship between these two events.
100 l of PBS containing 14 g/ml Rhodamine RedX-conjugated
goat anti-mouse Ig, 0.1% Tween-20, and 5% FBS. For cells labeled
with anti-CD18, the secondary antibody solution also contained 30Experimental Procedures
g/ml FITC-conjugated goat anti-rat Ig. Coverslips were then
washed six times in PBS, mounted on slides using a solution of 1:1Reagents and Media
Culture media including RPMI, Hank’s Balanced Salt Solution PBS:glycerol containing 5% DABCO and 5 mM sodium azide, and
sealed using nail polish.(HBSS), fetal bovine serum (FBS), 10 trypsin/EDTA, sodium pyr-
uvate, glutamine, penicillin, and streptomycin were all obtained from Microscopy and Analysis
Fluorescent images were acquired using a 12 bit CCD cameraGIBCO-BRL (Grand Island, NY). Dimethyl sulfoxide (DMSO) was
obtained from Aldrich Chemical (Milwaukee, WI). Poly-L-lysine (32.6 (Model DVC-1312M, DVC, Austin, TX) on a Nikon Diaphot 200 fluo-
rescence microscope. Image stacks were obtained using a MACkDa MW), colchicine, Triton X-100, polyoxyethylenesorbitan mono-
laurate (Tween-20), 1,4-diazabicyclo-[2.2.2]octane (DABCO), and 2000 z-axis focus controller (Ludl Electronic Products, Hawthorne,
NY) and a custom image acquisition plugin written for ImageJ. Themonoclonal mouse anti -tubulin antibody (Clone Tub 2.1) were
obtained from Sigma Chemical (St Louis, MO). Glutaraldehyde and point-spread function (PSF) was measured under similar conditions
using 100 nm fluorescent beads (L-5473, Molecular Probes) dilutedsodium borohydride were obtained from Electron Microscopy Sci-
ences (Washington, PA). FITC-conjugated rat monoclonal anti-CD18 in dH2O and dried on glass slides to give approximately one bead
per field. Image stacks were deconvolved for 500 iterations using(LFA-1) was obtained from Caltag (San Francisco, CA). Rhodamine
RedX-conjugated goat anti-mouse Ig and FITC-conjugated goat the expectation maximization algorithm in XCOSM (Conchello and
McNally, 1996). 3D projections were calculated using the maximumanti-rat Ig were obtained from Jackson ImmunoResearch (West
Immunity
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value projection method in ImageJ, and stereo pairs were generated Griffiths, E.K., Krawczyk, C., Kong, Y.Y., Raab, M., Hyduk, S.J.,
Bouchard, D., Chan, V.S., Kozieradzki, I., Oliveira-Dos-Santos, A.J.,using images that differed in rotation by 10 degrees. Microtubule
images were enhanced using a multiscale 3D line filter as described Wakeham, A., et al. (2001). Positive regulation of T cell activation and
integrin adhesion by the adapter Fyb/Slap. Science 293, 2260–2263.by Sato et al. (1998, 2000), implemented as a custom plugin for
ImageJ. Haddad, E.K., Wu, X., Hammer, J.A., 3rd, and Henkart, P.A. (2001).
Defective granule exocytosis in rab27a-deficient lymphocytes from
MPM Microscopy ashen mice. J. Cell Biol. 152, 835–842.
Cell Preparation Janes, P.W., Ley, S.C., and Magee, A.I. (1999). Aggregation of lipid
To distinguish target cells from CTLs, a 1 ml suspension of target rafts accompanies signaling via the T cell antigen receptor. J. Cell
cells in RPMI was labeled with 20 M Cell Tracker Green at 37C Biol. 147, 447–461.
for 30 min, pelleted by centrifugation, and resuspended in 1 ml of
Jin, T., Yue, L., and Li, J. (2001). In vivo interaction between dynamitinHBSS. Just prior to use, a 1 ml suspension of CTLs was pelleted
and MacMARCKS detected by the fluorescent resonance energyby centrifugation and then resuspended in 1 ml HBSS. CTLs were
transfer method. J. Biol. Chem. 276, 12879–12884.adhered to coverslips by adding 2–4 drops of CTL suspension to a
Kane, L.P., Lin, J., and Weiss, A. (2000). Signal transduction by thefreshly prepared polylysine-coated coverslip and incubating for 5
TCR for antigen. Curr. Opin. Immunol. 12, 242–249.min at room temperature. The coverslip was then washed, a suspen-
sion of target cells was added, and the coverslip was attached to Krauss, K., and Altevogt, P. (1999). Integrin leukocyte function-asso-
the bottom of a viewing chamber that was mounted in a water- ciated antigen-1-mediated cell binding can be activated by cluster-
jacketed slide holder on the microscope stage. Temperature (as ing of membrane rafts. J. Biol. Chem. 274, 36921–36927.
measured by a temperature microprobe) was maintained at 37C Kuhn, J.R., Wu, Z., and Poenie, M. (2001). Modulated polarization
by water circulating through both the slide holder and copper tubing microscopy: a promising new approach to visualizing cytoskeletal
wrapped around the objective lens. CTL-target cell pairs were identi- dynamics in living cells. Biophys. J. 80, 972–985.
fied by inserting a FITC dichroic mirror in the light path. This gave
Kupfer, A., and Dennert, G. (1984). Reorientation of the microtubule-a transmitted light image with the fluorescence of the target cells
organizing center and the Golgi apparatus in cloned cytotoxic lym-superimposed.
phocytes triggered by binding to lysable target cells. J. Immunol.MPM Imaging and MTOC Path Analysis
133, 2762–2766.MPM imaging was performed at a rate of one to two processed
Kupfer, A., Dennert, G., and Singer, S.J. (1985). The reorientation offrames per second. Each image in the resulting MPM movie se-
the Golgi apparatus and the microtubule-organizing center in thequence was enhanced slightly using a 3  3 convolution kernel of
cytotoxic effector cell is a prerequisite in the lysis of bound target[[	1/2 1/2 1/2], [	1 1/2 1/2], [	1/2 1/2 1/2]], which added a small
cells. J. Mol. Cell. Immunol. 2, 37–49.emboss effect to the image and improved microtubule visibility in
the still images. Lowin, B., Peitsch, M.C., and Tschopp, J. (1995). Perforin and gran-
MPM path analysis was performed as follows: for each MPM zymes: crucial effector molecules in cytolytic T lymphocyte and
sequence of a CTL-target pair, the position of the MTOC center and natural killer cell-mediated cytotoxicity. Curr. Top. Microbiol. Immu-
target contact site endpoints in each digital frame were estimated, nol. 198, 1–24.
marked, and tracked using ImageJ. To alleviate measurement error, Lowin-Kropf, B., Shapiro, V.S., and Weiss, A. (1998). Cytoskeletal
this hand tracking was repeated five times for each sequence, and polarization of T cells is regulated by an immunoreceptor tyrosine-
the results were averaged together. The averaged values and stan- based activation motif-dependent mechanism. J. Cell Biol. 140,
dard error of the mean were processed using a custom plugin written 861–871.
for ImageJ to calculate distances and plot the results as an overlay
Millan, J., Qaidi, M., and Alonso, M.A. (2001). Segregation of co-to the movie sequence.
stimulatory components into specific T cell surface lipid rafts. Eur.
J. Immunol. 31, 467–473.
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